Introduction to Metabolic Imprinting {#sec1_1}
====================================

Only a minority of individuals living in the obesigenic environment currently encountered in developed nations are able to maintain a healthy body weight \[[@B1]\]. For example, in the USA, evidence from the latest National Health and Nutrition Examination Survey (collected in 2007--2008) indicates that 68% of adults are overweight or obese \[[@B1]\]. Given the health risks associated with obesity (heart disease, diabetes, hypertension, cancer) \[[@B2]\], this has important implications for global health, and in light of the additional health-care costs associated with obesity \[[@B3]\], the global economy. Genome-wide association studies have identified numerous loci associated with obesity; however, their contribution to variation in body mass index and weight between individuals is estimated to be less than 2% \[[@B4]\], suggesting that environmental influences, such as increased availability of energy-dense food and an increasingly sedentary lifestyle, play a crucial role. Accumulating evidence from epidemiologic studies and animal models indicate that maternal health and nutritional state during pregnancy and lactation play a critical role in programming the neural circuitry that regulates energy balance and behavior in offspring, having a sustained influence on their physiology and behavior.

Metabolic imprinting refers to the programming of an offspring\'s future metabolic responses by a stimulus occurring during a critical developmental period. As the type and amount of available nutrition are crucial determinants of survival and reproductive success, the evolutionary purpose of metabolic imprinting is to enhance offspring survival by programming energy balance regulation so that available metabolic fuels are most efficiently utilized. Mammals are exposed to two environments during development, the intrauterine and early postnatal environments, both of which are heavily impacted by maternal diet and adiposity. Perinatal nutrition has enduring effects on many aspects of physiology and behavior including the regulation of energy balance, susceptibility to metabolic disorders \[[@B5],[@B6]\], programming of body weight set point \[[@B7],[@B8]\], stress response \[[@B9],[@B10]\] and mental health-related behaviors \[[@B11],[@B12]\]. In addition to perinatal nutrition, a number of factors associated with maternal consumption of a high-fat diet (HFD), including maternal adiposity, hyperlipidemia, lipotoxicity, glucose levels and insulin resistance, also have a long-term impact on the developing offspring and are associated with increased risk of obesity, metabolic disorders, and mental health disorders \[[@B5],[@B11],[@B12]\]. As maternal obesity is associated with consumption of a HFD in humans and a HFD is used to promote maternal obesity in most animal models, a major challenge faced by the field is the ability to disassociate the effects of the HFD from the maternal metabolic phenotype.

Maternal Obesity Is Associated with Increased Risk of Offspring Obesity {#sec1_2}
=======================================================================

The most common perturbation of maternal nutrition is nutritional excess and maternal obesity. In 2008, over 64% of women of child-bearing age in the USA were overweight or obese \[[@B13]\] and the majority consume an excess amount of calories and fat \[[@B14]\]. Epidemiological studies clearly indicate that maternal obesity is associated with increased incidence of obesity and metabolic syndrome in children \[[@B15]\]. Although this review focuses on the impact of maternal HFD consumption, it is important to note that maternal undernutrition during gestation also increases the incidence of offspring obesity; thus, the relationship between birth weight and adult adiposity is thought of as a 'U'-shaped curve with both a very high and a very low birth weight increasing the risk of obesity in adulthood \[[@B16],[@B17]\]. The relationship between maternal obesity and the development of offspring obesity appears to be independent of gestational diabetes as women who are obese, but able to maintain normal glycemia, also have heavier offspring with increased adiposity \[[@B18]\].

Although epidemiological studies implicate the intrauterine environment, including maternal diet and energy status, in programming offspring obesity, in these studies it is not possible to directly link maternal diet and energy status with the offspring\'s metabolic profile, as several other factors could contribute to the association between maternal and offspring obesity, including genetics and shared environment factors such as access to energy-dense foods and a sedentary lifestyle. Also, there is relatively limited information on normal brain development in humans, making it challenging to examine the impact of maternal diet on offspring\'s brain development. Furthermore, it is difficult to accurately monitor and potentially unethical to manipulate the diet of pregnant women. Thus, it is critical to use animal models to directly examine the effects of maternal overnutrition on subsequent generations and to develop effective therapeutic intervention strategies.

Animal Models of Maternal HFD Consumption/Overnutrition {#sec1_3}
=======================================================

Providing animals with a HFD during pregnancy and lactation is a common method of inducing maternal obesity. However, the duration of exposure to the diet (acute vs. chronic), the percent of calories from fat, and diet composition are variable across studies, hindering comparisons. The diets commonly used to promote maternal obesity are either a purified HFD with fat in place of carbohydrates as an energy source or a cafeteria diet in which animals are provided with a selection of palatable food items that have a high fat content along with their regular diet. The cafeteria diet is most effective in promoting obesity; however, as several food items are provided, it is difficult to calculate the amount and composition of the diet consumed by each animal and the diet consumed by animals in the same group is variable. Several studies have used purified diets with different sources of fat to compare the impact of maternal consumption of saturated fat \[[@B19],[@B20],[@B21],[@B22]\], polyunsaturated fat \[[@B20],[@B23]\] ω−3 \[[@B9],[@B21],[@B22]\] or ω−6 fatty acids \[[@B9],[@B22]\] on offspring physiology and brain development. It is clear from these studies that the source of fat in the HFD matters. For example, a study in rodents determined that while a maternal diet high in saturated fat programs hyperphagia in offspring, exposure to a diet of equivalent percent of calories from fat as fish oil does not \[[@B21]\]. Thus, it is essential that future studies determine which sources of fat in a mother\'s diet are beneficial and which are detrimental to the developing offspring in order for physicians and nutritionists to make appropriate recommendations to expecting mothers.

Most rodent studies report that offspring exposed to a HFD during gestation and lactation have increased body weight and adiposity at weaning \[[@B24],[@B25]\]. However, several studies report that maternal HFD consumption results in lighter offspring \[[@B26],[@B27],[@B28]\] which they speculate is due to HFD/obesity-induced impairments in the initiation and production of milk by obese mothers \[[@B26],[@B29]\]. The differences in offspring\'s body weight phenotypes across studies are likely due to differences in the duration of HFD consumption and fatty acid composition of the diets. Using nonhuman primates, our group is examining the impact of chronic maternal HFD consumption on offspring body weight regulation. Briefly, infant offspring from HFD mothers are underweight at birth and display rapid catch-up growth, so that by 6 months of age they are heavier and have increased adiposity \[[@B30]\]. This offspring phenotype appears to be independent of whether the HFD-consuming mother is obese with insulin resistance or lean with normal sensitivity to insulin. These studies indicate that in primates, as in rodents, maternal HFD consumption, independent of maternal weight and metabolic status, predisposes offspring to increased risk of developing obesity and metabolic disorders early in life.

Programming of Food Intake and Feeding Behavior {#sec1_4}
===============================================

Rodents that experience an early environment in which they are exposed to maternal HFD consumption \[[@B31],[@B32],[@B33]\] or overnutrition \[[@B34],[@B35],[@B36],[@B37]\] are consistently reported to be hyperphagic as adults. A number of studies have found that maternal HFD consumption plays a critical role in programming hypothalamic pathways that regulate feeding \[[@B17],[@B38]\]. Early postnatal overfeeding increases the orexigenic peptides neuropeptide Y and agouti-related peptide (AGRP) in the arcuate nucleus of the hypothalamus (ARH) of juvenile rats \[[@B38]\]. Offspring of rat dams fed a HFD during the perinatal period also display a long-term upregulation in the expression of orexigenic peptides including galanin, enkephalin, and dynorphin in the paraventricular nucleus of the hypothalamus (PVH), and orexin and melanin-concentrating hormone in the perifornical lateral hypothalamus \[[@B32]\]. Exposure to HFD during gestation stimulates the proliferation of neuronal and neuroepithelial cells of the embryonic third ventricle of the hypothalamus and increases their migration to hypothalamic regions resulting in an increase in the proportion of neurons expressing orexigenic peptides \[[@B32]\]. Also, offspring from HFD mothers have reduced sensitivity to the anorectic effects of leptin \[[@B33]\]. Thus, in rodents it is postulated that perinatal exposure to overnutrition or maternal HFD consumption results in disruption of the homeostatic feedback regulation and nutrient sensing capabilities of the hypothalamic feeding circuits leading to hyperphagia. Though rodent models have significant advantages, such as a relatively short period of gestation and the ability to manipulate genetics, the critical periods for the development of energy balance regulatory systems differ between rodents and humans. In rodents, the neural pathways regulating energy balance are immature at birth and are not completely developed until the third postnatal week (mice) \[[@B39]\]. In contrast, in humans, nonhuman primates, pigs, and sheep, the hypothalamic circuitry that regulates feeding develops primarily prenatally \[[@B38]\]. Thus, models of maternal overnutrition in which the development of energy balance regulation occurs prenatally are particularly relevant. In the nonhuman primate model of maternal HFD-induced obesity, our group has determined that fetal offspring also display alterations in the development of the hypothalamic melanocortin system that may contribute to disrupted homeostatic signaling \[[@B40]\].

In addition to hyperphagia, there is evidence that feeding behavior and food choice are also programmed by perinatal nutrition. Overweight children are reported to have increased preference for high-fat foods which is associated with increased parental adiposity \[[@B41]\]. Also, children with one or two overweight parents consume a larger percentage of energy from fat than children who have two normal-weight parents \[[@B42]\]. In these studies it is unclear if the children\'s increased fat preference is due to programming as a result of perinatal HFD exposure, genetics or increased availability of high-fat food during childhood. Animal models in which offspring are exposed to a HFD during the perinatal period provide further evidence for an influence of perinatal HFD exposure on food choice. For example, adult rat offspring exposed to junk food during either gestation or lactation displayed increased preference for fatty, sugary and salty foods \[[@B21],[@B33],[@B43]\]. The source of fat in the perinatal diet influences the programming of food preference, as rat pups from mothers that consumed a HFD with lard as the main source of fat displayed increased preference for the HFD, whereas offspring exposed to maternal consumption of HFD with fish oil as the fat source do not \[[@B21]\]. In rodents, there is evidence that maternal HFD consumption causes perturbation in the dopamine system of adult animals in areas associated with the rewarding value of food such as the nucleus accumbens and ventral tegmental area \[[@B44]\]. Preliminary findings from our studies examining the impact of exposure to maternal HFD consumption on the food preference of nonhuman primate offspring also indicate that offspring display increased preference for diets with a high sugar and fat content \[Sullivan and Grove, unpubl. observation\]. Together, these studies provide compelling evidence that perinatal nutrition has a long-term influence on dietary preference and feeding behavior and may be an important contributing factor to the development of obesity. As differences in food preference and diet consumption will have a long-term impact on stress response and depressive behaviors of adult offspring \[[@B45]\], future studies examining the impact of perinatal HFD exposure on food preference should include the examination of stress response and behavioral disorders.

Although many studies have examined the impact of perinatal nutrition on food intake and food intake regulation, the number of studies examining the other component of energy balance, energy expenditure, are limited. Offspring from mothers undernourished during gestation are reported to be less active than offspring from dams fed ad libitum \[[@B46]\]. Offspring exposed to maternal overnutrition have also been reported to be hypoactive \[[@B31]\] or to have no difference in physical activity as compared to offspring exposed to a control diet \[[@B44]\]. The effect of maternal diet on physical activity level depends on the type of fat in the diet. Rat pups from dams fed a diet rich in polyunsaturated fat displayed increased locomotor activity when compared to offspring from dams fed a saturated fat or standard laboratory diet \[[@B20]\]. This study also reported increased locomotor response to stimulants in offspring from dams that consumed a saturated fat diet \[[@B20]\]. Currently, the impact of early exposure to HFD on metabolic rate has not been examined. Thus, a major gap in the knowledge of the field of metabolic programming is the impact of perinatal HFD exposure on the regulation of energy expenditure. Future studies are needed which examine not only the effects of perinatal exposure to HFD on average basal energy expenditure, but its impact on compensatory changes in energy expenditure in response to metabolic challenges, such as fasting, dieting and chronic consumption of a HFD.

HFD Programming of Mental Health Disorders {#sec1_5}
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In addition to being associated with metabolic disorders, epidemiological data indicate that obesity is associated with increased risk of behavioral/mental health disorders, such as depression \[[@B47]\], anxiety \[[@B47]\], and attention deficit hyperactivity disorder \[[@B48]\]. Moreover, anxiety and depression influence the feeding behavior, food preference and physical activity level. Depression and anxiety are associated with increased craving for palatable food items \[[@B49]\] and decreased physical activity level \[[@B50]\]. Variations in mood also alter food choice, with increased preference for high-fat/high-sugar foods being reported during negative emotions \[[@B51]\]. Maternal nutrition has long-term implications for the offspring\'s risk of developing mental health disorders. Perinatal exposure to a HFD may contribute to this association by altering the development of key pathways implicated in regulating mood and behavior such as the serotonin system \[[@B52]\]. Recently, maternal HFD consumption has been associated with increased anxiety in rodent \[[@B12]\] and nonhuman primate offspring \[[@B11]\]. In a rat model, male adult offspring from mothers exposed to either a diet high in saturated or *trans* fat during gestation and lactation displayed increased anxiety and deficits in spatial learning \[[@B12]\]. Using a nonhuman primate model, our group recently demonstrated that perinatal exposure to a HFD causes a decrease in serotonergic tone perturbations in the serotonin system, which predisposes female offspring to increased anxiety \[[@B11]\]. The finding that female nonhuman primate offspring exposed to maternal HFD consumption are more sensitive to developing anxiety than male offspring is consistent with evidence in humans which suggests that females are more prone to anxiety than males and that the association between obesity and anxiety is stronger in women than men \[[@B53]\]. Thus, nonhuman primates appear to be an ideal model in which to examine the impact of maternal HFD consumption on the development of mental health disorders such as anxiety and depression.

Mechanism by Which Maternal HFD Programs Physiology and Behavior {#sec1_6}
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Although there is clear evidence from studies in both rodents and nonhuman primates that maternal HFD consumption leads to increased risk of obesity and metabolic diseases, the mechanisms responsible are largely unknown. We have very limited information on the impact of maternal HFD consumption on the brain and the complex neural circuitry that regulates physiology and behavior. Recent evidence indicates that circulating factors such as hormones (leptin, insulin), nutrients (fatty acids, triglycerides and glucose) and inflammatory cytokines play important roles (fig. [1](#F1){ref-type="fig"}). Maternal obesity and diabetes result in maternal hyperglycemia \[[@B54]\], and as glucose can readily pass through the blood-placenta barrier, it is transferred to the fetus. However, the elevated insulin levels associated with maternal obesity do not cross the placenta \[[@B15]\]; thus, the fetal pancreas must secrete increased levels of insulin to respond to the maternal hyperglycemia. This fetal hyperinsulinemia is postulated to be involved in the programming of obesity and diabetes in the developing offspring \[[@B55]\]. Administering insulin to rats during the last term of gestation produces obesity in the offspring \[[@B6],[@B56]\] and administering insulin to the hypothalamus of rat pups during the time that projects from the ARH to the PVH results in elevations in body weight, insulin level, impaired glucose tolerance, and increased vulnerability to diabetes \[[@B57]\]. Insulin is an important growth factor in the central nervous system \[[@B55]\]; thus, it is postulated that early exposure to hyperinsulinemia alters the development of the brain circuitry regulating energy balance and behavior.

The hyperleptinemia that offspring from obese mothers experience during development is also implicated in metabolic imprinting. There is substantial evidence in rodents that postnatal leptin is a critical factor in the development of neural pathways in the hypothalamus \[[@B39],[@B58]\]. Human studies report that leptin is elevated in obese and diabetic mothers \[[@B59],[@B60]\] and lower in infants that experienced intrauterine growth restriction at term \[[@B61]\]. However, in human and nonhuman primate gestation, circulating leptin levels do not rise until after hypothalamic development is mostly complete \[[@B61],[@B62]\]. Though critical for brain development in rodents, there is limited evidence for leptin\'s role in the development of primate brains \[[@B63]\].

Obesity has recently been described as a state of chronic inflammation. Increased adiposity is associated with elevations in peripheral markers of inflammation, such as C-reactive protein, interleukin-6, interleukin-1β, and tumor necrosis factor-α \[[@B64]\]. These inflammatory markers are associated with increased risk of cardiovascular disease, heart disease, insulin resistance, type 2 diabetes mellitus and hypertension \[[@B64]\]. The association between obesity and increased inflammatory cytokines has been confirmed in pregnant women such that obese pregnant women have increased levels of inflammatory cytokines which lead to endothelial dysfunction \[[@B65]\]. Exposure of the developing fetus to increased circulating cytokines has been proposed as a potential mechanism by which maternal HFD consumption impacts brain development. The development of many neural systems that are critical in regulating energy balance, such as the melanocortinergic system, the serotonergic system, and the dopaminergic system, is sensitive to circulating cytokine levels \[[@B64]\]. Also, rodent studies report that AGRP \[[@B66]\] and pro-opiomelanocortin \[[@B67]\] neurons in the ARH are directly impacted by cytokines. A recent study by Bilbo and Tsang \[[@B12]\] reported that offspring from mothers consuming a saturated fat diet had increased microglial activation in the hippocampus at birth that persisted into adulthood. We have recently observed that fetuses from nonhuman primates consuming a HFD have increased circulating and hypothalamic cytokines \[[@B40]\]. We postulate that exposure to increased inflammatory cytokines leads to the perturbations in the melanocortin \[[@B40]\] and serotonin system observed in fetal offspring \[[@B11]\]. Given the large number of neurotransmitter systems that are influenced by inflammation, future research is needed to examine the impact of maternal HFD-induced inflammation on each critical regulator of physiology and behavior.

In summary, many common brain regions and neurotransmitters regulate energy balance, stress response and mental health disorders including the melanocortinergic system, serotoninergic system and dopaminergic system (fig. [1](#F1){ref-type="fig"}). Thus, it is not surprising that maternal HFD consumption has a long-term impact on metabolic and behavioral regulation. As maternal HFD consumption and obesity are commonplace and rapidly increasing, we speculate that future generations will be at increased risk for both metabolic and mental health disorders. Given the prevalence of maternal obesity, future studies need to identify therapeutic strategies that are effective at preventing maternal HFD-induced malprogramming.

![Maternal obesity and HFD consumption have an enduring impact on the developing fetal brain and the juvenile offspring. A fetus from a HFD-consuming mother experiences a fetal environment in which levels of glucose, insulin, fatty acids, triglycerides and inflammatory cytokines are elevated, leading to changes in the critical neural circuitry for the regulation of physiology and behavior.](nen-0093-0001-g01){#F1}
